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(57) ABSTRACT

The present mvention discloses a micro/nanostructure PN
junction diode array thin-film solar cell and a method for
tabricating the same, wherein a microstructure or sub-micro-
structure PN junction diode array, such as a nanowire array or
a nanocolumns array, 1s transierred from a source-material
waler to two pieces of transparent substrates, which are
respectively corresponding to two electric conduction types,
to fabricate a thin-film solar cell. In the present invention, the
micro/nanostructure PN junction diode array has advantages
of a fine-quality crystalline semiconductor, and the semicon-
ductor substrate can be reused to save a lot of semiconductor
material. Besides, the present invention can make the best of
sunlight energy via stacking up the solar cells made of differ-
ent types of semiconductor materials to absorb different
wavebands of the sunlight spectrum.
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MICRO/NANOSTRUCTURE PN JUNCTION
DIODE ARRAY THIN-FILM SOLAR CELL
AND METHOD FOR FABRICATING THE
SAMEL

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a thin-film solar cell, par-
ticularly to a micro/nanostructure PN junction diode array
thin-1ilm solar cell and a method for fabricating the same.

2. Description of the Related Art

Petroleum 1s going to be exhausted by the end of this
century, and the voice for substitute energies has been cried
for a long time. Substitute energies include wind power, wave
power, and biofuel. Among them, solar energy has relative
higher market acceptability, and many nations have been
devoted to the development of solar energy. The German
Advisory Council on Global Change predicted that solar
energy will prowde about 60% of the total energy in 2100.
Solar energy 1s generated by the photovoltaic effect, wherein
solar energy material directly converts sunlight into electric
energy. The crystalline silicon solar cell has been developed
for tens of years, and the related technologies thereof have
been very mature. Generally, the monocrystalline silicon
solar cell has an energy conversion elliciency of as high as
about 20%. However, the fabrication cost thereof 1s too high
to popularize solar energy. The topics of solar energy
researches would be developing new matenals, processes and
systems to promote the energy conversion efficiency and
reduce the cost of solar energy.

The thin-film solar cell has become an important technical
trend because of low cost. The thin-film solar cell adopts a
lightweight, tlexible and impact-resistant material as the sub-
strate to replace the traditional hard, heavy and thick silicon
substrate and creates a new opportunity to exploit solar
energy. The flexible solar panel not only has a cheap price but
also has diversified applications, such as the applications 1n
BIPV (Building Integrated Photovoltaics), vehicles, boats,
portable power supplies (for mobile phones or notebook com-
puters), consumer electronics, and fabrics (e.g. clothes, cur-
tains, sun shelters, and bags). Besides, the flexible substrate
can be itegrated with a roll-to-roll manufacture process to
produce low-cost and large-area solar cells.

Among various types ol thin-film solar cells, the amor-
phous silicon solar cell 1s a more mature technology. The
amorphous solar cell usually has a p-1-n structure, wherein the
P layer and n layer are to establish an inner electric field, and
the 1 layer 1s formed of amorphous silicon. The 1 layer has a
thickness of only 0.2-0.5 um and absorbs photons of 1.1-1.7
¢V, which is different from 1.1 eV photons absorbed by water
silicon. It 1s mappropriate for the 1 layer to have too great a
thickness because a thick 1 layer increases the probability of
clectron-hole recombination. However, too thin an 1 layer
absorbs insuificient sunlight energy. Therefore, the amor-
phous solar cell usually adopts a multi-layer stack design to
overcome the dilemma. The unsaturated silicon atoms of
amorphous silicon will be structurally changed by sunlight
radiation. Therefore, the amorphous silicon solar cell has a
main intrinsic problem that the performance thereof waill
decline quickly and obviously after sunlight radiation and has
SWE (Staebler-Wronski Effect) of 15-35%. The multi-layer
stack design can also offset the lower SWE value. In the
fabrication of the amorphous silicon solar cell, a silicon film
1s formed with a PECVD (Plasma Enhanced Chemical Vapor
Deposition) method; the substrate may adopt a stainless steel
plate or a plastic material. The fabrication of the amorphous
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silicon solar cell uses a roll-to-roll process. However, the
deposition 1s very slow. Additionally, the high-quality elec-

trically-conductive glass 1s very expensive. Thus, the price of
the amorphous silicon solar cell 1s only shghtly lower than
that of the crystalline solar cell. Although the multi-layer
stack desi1gn can increase the efficiency of the solar cell, it also
increases the cost. The amorphous silicon solar cell has two
main weaknesses of low photoelectric conversion efficiency
and poor reliability. For the amorphous silicon solar cell, 1t
has an etficiency ot 13.5% 1n laboratories and an efficiency of
only 4-8% in commercial applications, which 1s far below the
elficiency of the monocrystalline or polycrystalline silicon
solar cell.

The polycrystalline silicon solar cell 1s the mainstream of
the market, and 90% of the market 1s occupied by the poly-
crystalline silicon solar cell and the monocrystalline silicon
solar cell. Polycrystalline silicon has an energy gap of about
1.12 eV and absorbs light having a wavelength of between
350 to 1100 nm. Polycrystalline silicon has a pretty wide
absorption spectrum. However, polycrystalline silicon 1s a
semiconductor material having an indirect energy gap. There-
fore, 1n the electron transition from a valence band to a con-
duction band, additional dynamic energy must be supplied to
phonons so that electrons can jump to the conduction band.
As polycrystalline silicon has numerous grain boundaries,
polycrystalline silicon 1s harder to cut than amorphous silicon
or monocrystalline silicon.

The performance of the monocrystalline silicon solar cell
1s similar to that of the polycrystalline silicon solar cell.
However, the monocrystalline silicon solar cell 1s less dam-
aged by solar radiation than the polycrystalline silicon solar
cell. With the photoelectric conversion efficiency unchanged,
the monocrystalline silicon solar cell has a service life of as
long as 20 years on the surface of the earth. At present, US,
Germany and Japan all have solar power plants using monoc-
rystalline silicon, and many nations are planning their monoc-
rystalline silicon test solar power plant. The monocrystalline
s1licon 1s indeed very important for the development of pho-
tovoltaic power generation systems. However, the high price
of monocrystalline silicon impairs the application thereof.

Both the solar cells of monocrystalline silicon and poly-
crystalline silicon consume a lot of silicon material, but refin-
ing high-quality silicon material 1s a very energy-consuming
process. Consequently, the silicon material usually has a cost
higher than that of the process of fabricating solar cells.
Therefore, reducing material consumption is a very important
subject for exploiting solar energy.

SUMMARY OF THE INVENTION

The primary objective of the present invention is to provide
a micro/nanostructure PN junction diode array thin-film solar
cell and a method for fabricating the same, wherein the solar
cell 1s fabricated via etching a high-crystallinity chip and has
advantages of a fine-quality semiconductor material, and
wherein the semiconductor substrate can be reused after the
diode arrays are detached from the semiconductor substrate,
whereby a lot of semiconductor material 1s saved, and
whereby the conventional problems are virtually solved.

The present invention proposes a micro/nanostructure PN
junction diode array thin-film solar cell and a method for
fabricating the same, wherein a semiconductor micro/nano-
structure array 1s formed on a source-material water with an
epitaxial method, a doping method or an etching method, and
then the semiconductor micro/nanostructure array 1s trans-
terred from the source-material water to two transparent sub-
strate corresponding to two electric-conduction types to form
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a thin-film solar cell having advantages of a high-quality
crystalline semiconductor maternial. In the present invention,
the semiconductor substrate can be reused to save a lot of
semiconductor material.

The micro/nanostructure PN junction diode array thin-film
solar cell disclosed by the present mmvention comprises 1n
sequence a lirst transparent substrate, a thin-film N-type
semiconductor, a semiconductor micro/nanostructure array, a
thin-film P-type semiconductor, and a second transparent
substrate. The diode array of the thin-film solar cell 1s fabri-
cated via etching a high-crystallimity chip and has advantages
of a fine-quality semiconductor material. After the diode
array 1s separated from the original semiconductor substrate,
the original semiconductor substrate can be reused to save a
lot of semiconductor material. The present invention can
overcome the bottleneck that many inorganic semiconductor
materials are too fragile or too expensive to produce a large-
area element. The present invention can provide a flexible,
lower-cost, and larger-area thin-film solar cell.

In one embodiment of the present invention, several thin-
f1lm solar cells made of different semiconductor materials are
stacked up to respectively absorb different wavebands of the
sunlight spectrum. Thus, the stack of thin-film solar cells of
the present invention can absorb almost the full spectrum of
sunlight and make the best of sunlight energy. The solar cell
stack of the present invention needn’t consider the lattice
matching problem of crystal growth and 1s more easy-to-
fabricate than the conventional I1I-V group tandem solar cell.
Thus, a plurality of micro/nanostructure PN junction diode
array thin-film solar cells of the present mvention can be
stacked to fully exploit sunlight energy.

The method for fabricating micro/nanostructure PN junc-
tion diode array thin-film solar cell disclosed by the present
invention comprises steps: providing a source-material water
having a semiconductor micro/nanostructure array; coating a
thin-film N-type semiconductor on a {first transparent sub-
strate; making the semiconductor micro/nanostructure array
contact the thin-film N-type semiconductor of the first trans-
parent substrate; fusing together the thin-film N-type semi-
conductor and one end of the semiconductor micro/nano-
structure array with an intense laser light; detaching the
semiconductor micro/nanostructure array and transierring
the semiconductor micro/nanostructure array to the first
transparent substrate; coating a thin-film P-type semiconduc-
tor on a second transparent substrate; making the semicon-
ductor micro/nanostructure array contact the thin-film P-type
semiconductor of the second transparent substrate; and fusing
together the thin-film P-type semiconductor and another end
of the semiconductor micro/nanostructure array with an
intense laser light to form the micro/nanostructure PN junc-
tion diode array thin-film solar cell of the present invention.

The present mnvention not only breaks through the bottle-
neck that many inorganic semiconductor materials are too
fragile or too expensive to produce a large-area element but
also provides a flexible, lower-cost, and larger-area thin-film
solar cell. The diode array of the thin-film solar cell 1s fabri-
cated via etching a high-crystallimity chip and has advantages
of a fine-quality semiconductor material. After the diode
array 1s separated from the original semiconductor substrate,
the original semiconductor substrate can be reused to save a
lot of semiconductor material. In the present invention, sev-
eral thin-film solar cells made of different semiconductor
materials are stacked up to respectively absorb different
wavebands of the sunlight spectrum. Thus, the stack of thin-
f1lm solar cells of the present invention can absorb almost the
tull spectrum of sunlight and make the best of sunlight energy.
The solar cell stack of the present invention needn’t consider
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the lattice matching problem of crystal growth and 1s more
casy-to-fabricate than the conventional III-V group tandem
solar cell that 1s hard to fabricate and expensive. Therefore,
the micro/nanostructure PN junction diode array thin-film
solar cell of the present invention has a superior competitive-
ness because of its low cost and high photoelectric conversion
eificiency.

Below, the embodiments of the present invention are
described 1n detail in cooperation with the drawings to make
casily understood the objectives, characteristics and func-
tions of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1H are diagrams schematically showing a
method for transferring a semiconductor micro/nanostructure
array according to one embodiment of the present invention;

FIG. 2 1s a diagram schematically showing that a selec-
tively-etched layer 1s additionally formed in the micro/nano-
structure PN junction diode array thin-film solar cell accord-
ing to one embodiment of the present invention;

FIGS. 3A-3G are diagrams schematically showing a
method for fabricating a micro/nanostructure PN junction
diode array thin-film solar cell according to one embodiment
ol the present invention;

FIG. 4 1s a diagram schematically showing that mesh-like
metal electrodes are additionally formed in the micro/nano-
structure PN junction diode array thin-film solar cell accord-
ing to one embodiment of the present invention; and

FIG. 5 1s a diagram schematically showing that several
micro/nanostructure PN junction diode array thin-film solar
cells are stacked up according to one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Refer to from FIG. 1A to FIG. 1H diagrams schematically
showing a method for transferring a semiconductor micro/
nanostructure array according to one embodiment of the
present invention.

As shown 1in FIG. 1A and FI1G. 1B, a source-material waler
10 having a semiconductor micro/nanostructure array 11 1s
provided firstly. The semiconductor micro/nanostructure
array 11 1s made of an arbitrary semiconductor, such as an
clemental semiconductor, a binary compound semiconduc-
tor, or a multi-component compound semiconductor (e.g.
s1licon, germanium, gallium arsenide, indium phosphide, gal-
lium phosphide, antimony selenide, etc.). The longitudinal
section of the semiconductor micro/nanostructure array 11
has a width of from 1 nm to 3000 um and a length of from 50
nm to S0 um. The length and width of the micro/nanostructure
array 11 may vary with the absorption coelfficient of the
material. The source-material water 10 1s made of an elemen-
tal semiconductor, a binary compound semiconductor, or a
multi-component compound semiconductor, such as silicon,
germanium, gallium arsenide, imdium phosphide, gallium
phosphide, gallium antimonide, zinc telluride, or an epitaxial
chip that can be used to fabricate a solar cell.

In fabricating the semiconductor micro/nanostructure
array 11, a P-type semiconductor layer and an N-type semi-
conductor layer are beforehand formed on the source-mate-
rial water 10 with an epitaxial method or a doping method,
and then the P-type semiconductor layer and the N-type semi-
conductor layer are etched to form arrayed structures. Alter-
natively, the source-material water 10 1s beforehand etched to
form an arrayed structure, and then a P-type semiconductor
layer and an N-type semiconductor layer are formed on the
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arrayed structure with an epitaxial method or a doping
method. Alternatively, nanowires, nanocolumns, microstruc-
tures, or submicrostructures, which have different-conductiv-
ity semiconductor materials, are directly grown on the sub-
strate with a igh-quality crystal growth process. The etching
method may be a dry etching method, a wet etching method,
a physical etching method, a chemical etching method, or a
combination of two of the abovementioned methods. The
mask used 1n etching may be a photoresist patterned with a
photolithographic technology, spin-coated nanoparticles,
nanoislands formed via rapidly annealing a coated metal film,
a template fabricated with an AAO (Anodic Aluminum
Oxide) method, a template fabricated with a CVD (Chemical
(including electrochemical) Vapor Deposition) method.

When an epitaxial method 1s used to fabricate the PN-diode
semiconductor micro/nanostructure array 11 from the source-
material water 10, an epitaxial layer having a conductivity
different from the conductivity of the source-material watfer
10 1s beforehand grown on the source-material water 10. In
other words, a P-type epitaxial layer 1s grown on an N-type
semiconductor, or an N-type epitaxial layer 1s grown on a
P-type semiconductor. Then, an etching method 1s used to
fabricate nanowires, nanocolumns, microstructures, or sub-
microstructures. When a doping method 1s used fabricate the
micro/nanostructure PN junction diode array 11, an SOG
(Spin-On-Glass) 12 1s beforehand coated over the semicon-
ductor micro/nanostructure array 11 and then baked and
slightly etched to reveal the tops of the semiconductor micro/
nanostructure array 11, as shown 1n FIG. 1C. Next, an SOD
(Spin-On-Dopant) 1s coated on the revealed semiconductor
micro/nanostructure array 11 and then heated to make the top
of the semiconductor micro/nanostructure array 11 have a
different conductivity. If the original semiconductor micro/
nanostructure array 11 are of the N type conductivity, a P-type
SOD 13p 1s coated and heated to make the top of the semi-
conductor micro/nanostructure array 11 have the P-type con-
ductivity, as shown in FIG. 1C. If the original semiconductor
micro/nanostructure array 11 are of the P type conductivity,
an N-type SOD 137 1s coated and heated to make the top of the
semiconductor micro/nanostructure array 11 have the N-type
conductivity, as shown in FIG. 1D. In addition to the above-
mentioned PN junction diode array, the semiconductor
micro/nanostructure array 11 may be singly of the P-type or
N-type conductivity. The abovementioned P-type or N-type
SOD 13p or 13 1s removed after the P-type or N-type semi-
conductor 1s formed.

Next, a layer of curable adhesive 21 1s coated on a tempo-
rary substrate 20, as shown in FIG. 1E. The curable adhesive
21 1s a gel or a liqud, which can be cured into a solid. The
curable adhesive 21 may be a sol, a gel glue, a melted metal,
a polymer, an SOG, a wax, PMMA (polymethylmethacry-
late), or PAHT (poly(3-hexylthiophene)). When the tempo-
rary substrate 20 1s made of a heat-resistant material, the
curable adhesive 21 may adopt a melted metal. Next, the
semiconductor micro/nanostructure array 11 of the source-
material water 10 1s 1inserted into the curable adhesive 21, as
shown 1n FIG. 1F. Then, the curable adhesive 21 on the
temporary substrate 20 1s cured. The temporary substrate 20
may be made of a semiconductor, a conductive material (in-
cluding a metal), an msulating maternal, or any material on
which a liquid or gel can be cured into a solid.

Next, the semiconductor micro/nanostructure array 11 1s
separated from the source-material water 10 and transferred
to the temporary substrate 20, as shown in FIG. 1G and FIG.
1H. The semiconductor micro/nanostructure array 11 may be
maintained about vertical to the temporary substrate 20. The
semiconductor micro/nanostructure array 11 can be separated
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from the source-material water 10 via ultrasonic vibration,
slight knocking, or chemical etching. If the semiconductor
micro/nanostructure array 11 1s firmly bonded to the curable
adhesive 21, the semiconductor micro/nanostructure array 11
can be separated from the source-material water 10 via
directly lifting the source-material water 10. If the semicon-
ductor micro/nanostructure array 11 1s tough and unlikely to
be broken by knocking or ultrasonic vibration, a selectively-
etched layer 14 1s formed 1n between the semiconductor
micro/nanostructure array 11 and the source-material water
10, as shown in FIG. 2. Then, the semiconductor micro/
nanostructure array 11 can be separated from the source-
material water 10 via etching away the selectively-etched
layer 14 with a chemical method, such as a wet etching
method or a dry etching method, without seriously damaging
the semiconductor micro/nanostructure array 11 and the
source-material water 10. The semiconductor micro/nano-
structure array 11 can also be separated from the source-
material wafer 10 with a combination of the abovementioned
methods.

Refer to from FIG. 3A to FIG. 3G diagrams schematically
showing a method for fabricating a micro/nanostructure PN
junction diode array thin-film solar cell according to one
embodiment of the present invention.

Suppose the semiconductor micro/nanostructure array 11
1s of an N-type semiconductor, or suppose the semiconductor
micro/nanostructure array 11 1s a PN-diode array with the
N-type semiconductor at the top. The fabrication steps
thereof are described below. Firstly, a layer of thin-film
N-type semiconductor 31 1s coated on a {irst transparent sub-
strate 30, as shown 1n FIG. 3A. The thin-film N-type semi-
conductor 31 1s an elemental semiconductor, a binary com-
pound semiconductor, a ternary compound semiconductor, a
quaternary compound semiconductor, or a combination of the
abovementioned semiconductors, such as silicon, germa-
nium, gallium arsenide, imndium phosphide, galllum phos-
phide, gallium antimonide, or zinc telluride. Alternatively, the
thin-film N-type semiconductor 31 1s an organic semiconduc-
tor, such as 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole
(PBD), aluminum tris(8-hydroxyquinoline) (Alg3), (1-(3-
methoxycarbonyl)-propyl-1-1-phenyl-(6,6)C61) (PCBM),
4.4'-b1s(2,2' diphenyl vinyl)-1,1"-biphenyl (DPVB1), beryl-
llum-quinoline complex (Beg2), Aluminum(IIl) bis(2-me-
thyl-8-quinolinate)4-phenylphenolate (Balq), oxadiazole
(OXD), or 2,5-bis(tert-butyl-2-benzoxazolyl)thiophene
(BBOT). If the organic semiconductor 1s a small molecule
material, 1t can be blended with a polymeric material, such as
PMMA (polymethylmethacrylate) or polystyrene, to
improve its film-forming property. Next, as shown in FI1G. 3B,
the semiconductor micro/nanostructure array 11 on the tem-
porary substrate 20 1s joined to the thin-film N-type semicon-
ductor 31 on the first transparent substrate 30. Then, an
intense laser beam 70 penetrates the first transparent substrate
30 to 1lluminate the thin-film N-type semiconductor 31 and
the semiconductor micro/nanostructure array 11. The laser
beam 70 has such an intensity that the thin-film N-type semi-
conductor 31 and the top of the semiconductor micro/nano-
structure array 11 are melted with the first transparent sub-
strate 30 maintained unmelted. Then, the laser 1s turned off,
and the thin-film N-type semiconductor 31 and the semicon-
ductor micro/nanostructure array 11 are cooled down. Thus,
the thin-film N-type semiconductor 31 and the top of the
semiconductor micro/nanostructure array 11 are solidified
and bonded together, as shown 1n FIG. 3C.

Next, as shown 1n FIG. 3D, the cured curable adhesive 21
on the temporary substrate 20 1s removed with a solvent, and
the semiconductor micro/nanostructure array 11 1s then
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detached from the temporary substrate 20. Thus, the semi-
conductor micro/nanostructure array 11 turns to adhere to the
first transparent substrate 30, and the thin-film N-type semi-
conductor 31 of the first transparent substrate 30 1s joined to
the N-type ends of the semiconductor micro/nanostructure
array 11. The semiconductor micro/nanostructure array 11
may be alternatively detached from the temporary substrate
20 with sticking force, stress, chemical etching or laser melt-
ing.

Next, a layer of thin-film P-type semiconductor 41 1s
coated on a second transparent substrate 40. The thin-film
P-type semiconductor 41 1s an elemental semiconductor, a
binary compound semiconductor, a ternary compound semi-
conductor, a quaternary compound semiconductor, or a com-
bination of the abovementioned semiconductors, such as sili-
con, germanium, gallium arsenide, indium phosphide,
gallium phosphide, galllum antimonide, or zinc telluride.
Alternatively, the thin-film P-type semiconductor 41 1s an
organic semiconductor, such as poly(3-hexylthiophene)
(P3HT), poly[2-methoxy-5-(2'-ethyl-hexyloxy) 1,4-phe-
nylene vinylene] (MEH-PPV), poly[2-metoxy-5-(3",7'-dim-
cthyloctyloxy)-p-phenylene vinylene] (MDMO-PPV), poly
(3,4-ethylenedioxythiophene) (PEDOT), poly(9,9-
dioctylfluoreny-2,7-diyl) (PFO), (N,N'-diphenyl-N,N'-b1s(3-
methyl-phenyl)-1,1'-biphenyl-4,4" diamine) (TPD), or N,N'-
his-(1-naphthyl)-N.N'-diphenyl-1,1'-biphenyl-4.,4'-diamine
(NPB). Next, as shown in FIG. 3E, the semiconductor micro/
nanostructure array 11 on the first transparent substrate 30 1s
jo1ned to the thin-film P-type semiconductor 41 on the second
transparent substrate 40. Thus, the P-type ends of the semi-
conductor micro/nanostructure array 11 contact the thin-film
P-type semiconductor 41. Next, as shown in FIG. 3F, an
intense laser beam 70 penetrates the second transparent sub-
strate 40 to 1lluminate the thin-film P-type semiconductor 41
and the semiconductor micro/nanostructure array 11. The
laser beam 70 has such an intensity that the thin-film P-type
semiconductor 41 and the P-type ends of the semiconductor
micro/nanostructure array 11 are melted with the second
transparent substrate 40 maintained unmelted. Then, the thin-
film P-type semiconductor 41 and the semiconductor micro/
nanostructure array 11 are cooled down. Thus, the thin-film
P-type semiconductor 41 and the P-type ends of the semicon-
ductor micro/nanostructure array 11 are solidified and
bonded together, as shown 1n FIG. 3G.

The abovementioned semiconductor micro/nanostructure
array may be alternatively composed of two-PN junction
diodes or over two-PN junction diodes; the outmost P-type
portions thereof are joined to the thin-film P-type semicon-
ductor, and the outmost N-type portions thereotf are joined to
the thin-film N-type semiconductor. The gaps of the semicon-
ductor micro/nanostructure array may be filled with a trans-
parent non-conductive material, such as SOG, PMMA, 510,
S10, nanoparticles, SiNx, SiNx nanoparticles, Al,O;, or
Al,O, nanoparticles.

To enhance the strength of the semiconductor micro/nano-
structure array 11, a non-conductive material, such as
PMMA, polyimide, or SOG, i1s filled into the gaps of the
semiconductor micro/nanostructure array 11 adhering to the
first transparent substrate 30 before the abovementioned
steps. Then, the workpiece 1s etched to slightly reveal the
semiconductor micro/nanostructure array 11 so that the semi-
conductor micro/nanostructure array 11 can be fused together
with the thin-film P-type semiconductor 41 of the second
transparent substrate 40. Thus, the non-conductive material
replaces the curable adhesive 21 shown 1n FIG. 3F. The first
transparent substrate 30 and the second transparent substrate
40 are made of an 1dentical maternial or different materials.
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Each of the first transparent substrate 30 and the second
transparent substrate 40 1s made of a flexible/intlexible
slightly light-permeable material, such as a plastic plate, a
glass plate, a quartz plate, or the abovementioned material
coated with a transparent conductive film, e.g. ITO (Indium

Tin Oxide) PET (poly(ethylene terephthalate)), I'TO glass,
FTO (Fluorine-doped Tin Oxide) glass, ITO quartz, and FTO
quartz. In addition to the laser method, the semiconductor
micro/nanostructure array 11 and the thin-film N/P-type
semiconductor 31 or 41 can be fused together with another
method. In addition to being heated after contact, the thin-
film N/P-type semiconductor 31 or 41 can be heated and
melted 1nto a liquid 1n advance betfore the semiconductor
micro/nanostructure array 11 contacts the thin-film N/P-type
semiconductor 31 or 41.

In the embodiment described, the semiconductor micro/
nanostructure array 11 1s assumed to be made of an N-type
semiconductor, or the semiconductor micro/nanostructure
array 11 1s assumed to be made of PN diodes with the N-type
portions thereof at the top. For the case that the semiconduc-
tor micro/nanostructure array 11 1s made of a P-type semi-
conductor or made of PN diodes with the P-type portions
thereof at the top, the fabrication steps thereot can be deduced
from the abovementioned method and will not repeat herein.

Thus 1s completed a micro/nanostructure PN junction
diode array thin-film solar cell shown 1n FIG. 3G, and the
structure thereot comprises a first transparent substrate 30, a
thin-film N-type semiconductor 31, a semiconductor micro/
nanostructure array 11, a thin-film P-type semiconductor 41,
and a second transparent substrate 40. The abovementioned
micron, submicron, or nanometric semiconductor structure
can be obtained via etching a chip having superior crystallin-
ity or obtained with a high-quality epitaxial method; there-
fore, the micron, submicron, or nanometric semiconductor
structure has the advantages of a crystalline semiconductor.
After the micron, submicron, or nanometric semiconductor
structure 1s separated from the original semiconductor sub-
strate, the original semiconductor substrate can be reused. As
the micro/nanostructure PN junction diode array thin-film
solar cell of the present invention needs only the micron,
submicron, or nanometric semiconductor structure to realize
its Tunctions, the present invention does not consume a lot of
semiconductor material. When the micron, submicron, or
nanometric structure 1s made of a silicon semiconductor, the
micron, submicron, or nanometric semiconductor structure
thin-1ilm solar cell 1s a silicon solar cell and has a performance
equivalent to that of a common silicon solar cell. When the
micron, submicron, or nanometric structure 1s made of a
gallium arsenide semiconductor, the micron, submicron, or
nanometric semiconductor structure thin-film solar cell 1s a
gallium arsenide solar cell and has a performance equivalent
to that of a common gallium arsenide solar cell. The above
conclusion also applies to the micron, submicron, or nano-
metric structure made of another semiconductor material.

Alternatively, a mesh-like metal electrode 32 and a mesh-
like metal electrode 42 are respectively formed on the first
transparent substrate 30 and the second transparent substrate
40 betfore the thin-film N-type semiconductor 31 and the
thin-film P-type semiconductor 41 are coated on the first
transparent substrate 30 and the second transparent substrate
40, as shown in FIG. 4. Thus 1s enhanced the electric conduc-
tion of the thin-film N-type semiconductor 31 and the thin-
film P-type semiconductor 41. The ratio of the area of the
mesh-like metal electrode 32 or 42 to the total area should be
small lest the mesh-like metal electrode 32 or 42 block too
much sunlight and decrease the photoelectric conversion etfi-
Clency.
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Refer to FIG. 5. In another embodiment, several micro/
nanostructure PN junction diode array thin-film solar cells are
stacked up, wherein each micro/nanostructure PN junction
diode array thin-film solar cell absorbs a specified waveband
of sunlight. Thereby, the stack can almost absorb the com-
plete sunlight spectrum and make the best of sunlight energy.
As the solar cell stack needn’t consider the lattice matching,
problem of crystal growth, the solar cell stack 1s more easy-
to-fabricate than the conventional III-V group tandem solar
cell. Thus, a plurality of micro/nanostructure PN junction
diode array thin-film solar cells of the present invention can
be stacked to fully exploit sunlight energy. Therefore, the
stack design of solar cells should have a great potential 1n
tuture. In stacking the solar cells, the upper and lower mesh-
like metal electrodes should coincide lest the sunlight absorp-
tion of the lower non-metal electrode area be impaired by the
upper mesh-like metal electrode.

For the fabrication of inorganic nanowires, the micron,
submicron, or nanometric semiconductor structure can be
obtained via etching a chip having superior crystallimity or
obtained with a high-quality epitaxial method. The etching
methods may be categorized into the pure chemical etching,
methods (such as the wet etching method or the remote
plasma photoresist lift-off method), the pure physical etching,
methods (such as the argon 1on bombarding method), or the
intermediary reactive 10n etching method.

The etching methods may also be categorized into the dry
ctching methods and the wet etching methods. In the dry
etching methods, reactive gases are used to remove unwanted
material via a physical etching process, a chemical etching
process, or a combination thereot, such as the RIE (Reactive
Ion Etching) process or the HDP (High-Density Plasma) pro-
cess. In the wet etching methods, chemical solutions are used
to dissolve the unwanted material via an electrochemical
ctching process or a photoelectrochemical etching process.
For example, a wet electrochemical etching process may be
used to fabricate nanowire arrays from a silicon substrate, and
a solution of silver nitrate and hydrofluoric acid 1s used as the
ctching solution, wherein silver 1ons are electrolessly depos-
ited on the silicon substrate from the solution of silver nitrate,
and hydrofluoric acid etches the regions where silver 1ons
deposit. Such a method can fabricate a large-area product and
has a low cost. Below are introduced several methods for
fabricating an etching mask, in addition to the photolitho-
graphic method that patterns a photoresist into a mask. One
method 1s adjusting the viscosity of a colloidal suspension
containing silicon dioxide nanoparticles or polymeric nano-
particles and spin-coating the colloidal suspension on an 1nor-
ganic substrate to form a monolayer-nanoparticle etching
mask. Another method 1s plating a very thin metal layer on an
inorganic semiconductor substrate and fast annealing the
metal layer to obtamn an etching mask of nanoislands.
Besides, the AAO method, electrochemical methods and
CVD methods may also be used to fabricate an etching mask.

The embodiments described above are only to exemplily
the present invention but not to limit the scope of the present
invention. Any equivalent modification or variation according
to the spirit of the present invention 1s to be also included
within the scope of the present invention, which 1s based on
the claims stated below.

What 1s claimed 1s:
1. A micro/nanostructure PN junction diode array thin-film
solar cell comprising
a first transparent substrate;
a thin-film N-type semiconductor joined to said first trans-
parent substrate;
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a semiconductor micro/nanostructure array with one side

thereof joined to said thin-film N-type semiconductor;

a thin-film P-type semiconductor joined to another side of

said semiconductor micro/nanostructure array; and

a second transparent substrate joined to said thin-film

P-type semiconductor.

2. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein each of said
thin-film N-type semiconductor and said thin-film P-type
semiconductor 1s made of a material selected from a group
consisting of silicon, germamum, gallium arsenide, indium
phosphide, galllum phosphide, gallium antimonide, zinc tel-
luride, an elemental semiconductor, a binary compound semi-
conductor, a ternary compound semiconductor, a quaternary
compound semiconductor, and a combination of semicon-
ductor materials mentioned above, wherein said semiconduc-
tor micro/nanostructure array 1s made of a matenal selected
from a group consisting of silicon, germanium, gallium ars-
emide, indium phosphide, gallium phosphide, gallium anti-
monide, zinc telluride, an elemental semiconductor, a binary
compound semiconductor, a ternary compound semiconduc-
tor, a quaternary compound semiconductor, and a combina-
tion of semiconductor materials mentioned above, wherein
cach of said first transparent substrate and said second trans-
parent substrate 1s made of a material selected from a group
consisting of a plastic plate, a glass plate, a quartz plate, a
plastic plate coated with a transparent conductive film, a glass
plate coated with a transparent conductive film, and a quartz
plate coated with a transparent conductive film, and wherein
said transparent conductive film 1s made of ITO (Indium Tin
Oxide) or FTO (Fluorine-doped Tin Oxide).

3. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein said thin-film
N-type semiconductor 1s made of a small molecule organic
semiconductor material selected from a group consisting of
2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole(PBD), alumi-
num tris(8-hydroxyquinoline) (Alg3), (1-(3-methoxycarbo-
nyl)-propyl-1-1-phenyl-(6,6)C61) (PCBM), 4,4'-bi1s(2,2'
diphenyl vinyl)-1,1"-biphenyl (DPVB1), beryllium-quinoline
complex (Beq2), Aluminum(IIl)bis(2-methyl-8-quinoli-
nate)-4-phenylphenolate (Balq), oxadiazole (OXD), or 2.,5-
bis(tert-butyl-2-benzoxazolyethiophene (BBOT) wherein
said thin-film P-type semiconductor 1s made of a small mol-
ecule organic semiconductor material selected from a group
consisting of poly(3-hexylthiophene) (P3HT), poly[2-meth-
0xy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene]| (MEH-

PPV), poly[2-metoxy-5-(3",7'-dimethyloctyloxy)-p-phe-
nylene vinylene] (MDMO-PPV), poly(3,4-
cthylenedioxythiophene) (PEDOT), poly(9,9-

dioctylfluoreny-2,7-diyl)(PFO), (N, N'-diphenyl-N,N'-b1s(3-
methyl-phenyl)-1,1'biphenyl-4,4"  diamine)(TPD), or N,
N'-his-(1-naphthyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-di-
amine (NPB).

4. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein a longitudinal
section of said semiconductor micro/nanostructure array has
a width of from 1 nm to 3000 um, wherein a longitudinal
section of said semiconductor micro/nanostructure array has
a length of from 350 nm to 50 um.

5. The micro/nanostructure PN junction diode array thin-
f1lm solar cell according to claim 1, wherein said semicon-
ductor micro/nanostructure array 1s made of a P-type semi-
conductor material or an N-type semiconductor material.

6. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein said semicon-
ductor micro/nanostructure array 1s made of an N-type semi-
conductor material.
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7. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein said semicon-
ductor micro/nanostructure array 1s an array of diodes each
having at least one PN junction; outmost P-type portions of
said diodes are joined to said thin-film P-type semiconductor,
and outmost N-type portions of said diodes are joined to said
thin-11lm N-type semiconductor, wherein said semiconductor
micro/nanostructure array 1s an array of diodes each having a
plurality of PN junctions and absorbing dififerent wavebands
of sunlight.

8. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1 further comprises another
said micro/nanostructure PN junction diode array thin-film
solar cell stacked thereabove to form a stack structure,
wherein said semiconductor micro/nanostructure array of
cach said micro/nanostructure PN junction diode array thin-
f1lm solar cell absorbs a different waveband of sunlight.

9. The micro/nanostructure PN junction diode array thin-
film solar cell according to claim 1, wherein a transparent

non-conductive material 1s filled 1into gaps of said semicon-
ductor micro/nanostructure array.

10. The micro/nanostructure PN junction diode array thin-
f1lm solar cell according to claim 1, wherein a thin metal layer
1s Tormed 1n between said first transparent substrate and said
thin-film N-type semiconductor or 1n between said second
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transparent substrate and said thin-film P-type semiconduc-
tor, wherein a vacuum process 1s used to form said thin metal
layer, and temperature used by said vacuum process depends
on a heat-resistant capability of said first transparent substrate
or said second transparent substrate; wherein said thin metal
layer 1s made of a metallic material having an appropriate
work function with respect to energy levels of said semicon-
ductor micro/nanostructure array.

11. A micro/nanostructure PN junction diode array thin-

f1lm solar cell, comprising:

a thin-film N-type semiconductor having a first side and a
second side;

a thin-film P-type semiconductor having a first side and a
second side;

a semiconductor micro/nanostructure array disposed
between said first side of said thin-film N-type semicon-
ductor and said first side of said thin-film P-type semi-
conductor:;

a first electrode disposed between said second side of said
thin-film N-type semiconductor and a {irst transparent
substrate; and

a second electrode disposed between said second side of
said thin-film P-type semiconductor and a second trans-
parent substrate.
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